In this project, a medium access control utilizing the technique of time-division multiple access was developed for the intra-body communication. A prototype of a wearable health tracker was designed based on a commercially available development kit. The prototype consists of a base unit and three sensor nodes to form a single-hop star topology body area network. Each of the sensor nodes can be interfaced with analog or digital type of wearable sensors to measure human physiological data.
attenuation, less electromagnetic wave produced and relatively high security in data transmission [7] , [8] .
Time-division multiple access (TDMA) protocol is a type of schedule-based medium access control (MAC) that is based on reservation and scheduling. For TDMA, a channel with a predefined frequency will be divided into individual time slots, which are then grouped into frames. Only one node or user is allowed to transmit data signals within specified time slot [9] . TDMA protocols have the advantages of no contention, idle listening and overhearing problem [10] , [11] . Hence, in this project we designed TDMA-based MAC protocol which is more energy efficiency.
This paper describes the development of the TDMA medium access control approach for intra-body communication suitable for wearable health tracker applications. Section 2 discusses on the method to design TDMA MAC for IBC based health tracker. Section 3 discusses on the result from experiment and measurement. These are followed by the conclusion and future work in Section 4.
System Design
In this project, the intra-body communication forms a short-range wireless digital communication between a base unit and three sensor nodes through human body. The system uses capacitive coupling method to enable human body as the medium for data transmission [11] , [12] . The key component of the system is the Microchip MCP2035 analog 978-1-5090-1213-8/16/$31.00 ©2016 IEEEfront-end (AFE) which can detect low-frequency (LF) signal between 60 and 250 kHz. It has high input sensitivity to detect an input signal with amplitude as low as 1mV peak-topeak. Figure 1 illustrates our implementation of wearable health tracker system, which consists of sensor nodes, base unit and smartphone device. Pulse sensor measuring pulse rate and two temperature sensors measuring skin temperatures are placed at the hand, body and leg of the subject respectively. The sensor nodes communicate to the base unit through IBC. The base unit acts as a gateway to the smartphone devices, thus having both IBC and Bluetooth transceivers on the unit. TDMA protocol was designed and implemented on the sensor nodes and base unit. Table 1 shows some example of typical data rates of sensors for BAN application. Figure 2 shows the base unit and sensor nodes boards. This IBC communication between the boards utilizes capacitive coupling method which has the advantage that the longest channel length is over the entire human body [14] . Thus, single-hop star topology were set up where every sensor nodes communicate directly with the base unit as shown in Fig. 3 [10] . The key component in the system is the MCP2035 AFE chip that has a maximum input data rate of 5 kbps by using Manchester coding with on-off keying modulation, sufficient to support majority of the sensors in BAN application. The development kit has one base unit and two mobile units. Based on original design, each mobile unit utilize full bridge LC driver in resonant mode to amplifier the transmit signal power to the base unit. This design has low complexity, low cost and low power consumption [15] . Also, since the transmission frequency from mobile unit to base unit is 8MHz, which is in the acceptable frequency range for human skin conductivity based on Figure 4 . Thus, the signal can be transmitted in low attenuation through human body to achieve reliable data transmission. The original mobile unit was modified and reprogramed to make use of the microcontroller ADC so that it become a sensor node and can interface with the analog type of temperature sensor LM35 chip. However, the original mobile unit has the limitation that it has not enough I/O pins and can only read analog input. So, a custom design sensor node was created using different microcontroller with more I/O pins and the same AFE as shown in Figure 5 below. The new sensor node can interface with digital type of sensor by using I 2 C or SPI protocol.
Figure 5: Custom design mobile unit
The pulse sensor used in this project is Pulse Sensor Amped that required microcontroller to sample its analog output at 500Hz in order to reliably detect human pulse rate [17] . A microcontroller ATmega328 preloaded with Arduino bootloader was programmed to interface with Pulse Sensor Amped device that acts as an I 2 C slave. In the original data packet structure design by Microchip, the 4-byte address has a 2 32 or 4,294,967,296 possible number of addresses. This is great for access control applications so that each sensor node can have a unique address for security purpose.
However, for BAN application, the data transmission between the base unit and sensor node is within human body by using IBC, so 1-byte addressing is good enough with 2 8 or 256 possible addresses supporting more than hundreds wearable devices per person [18] . The original data packet structure was modified as shown in Table 2 to reduce protocol overhead size during each data transmission. Table 2 : Proposed data packet structure TDMA-based MAC protocol divide the time axis into periodical frame periods, each consists of a beacon slot and multiple time slots. By using this method, the number of active sensor nodes can be adjusted dynamically by changing the frame length as shown in Figure 7 . Figure 8 illustrates the timing diagram of the TDMA based MAC protocol. In the beacon slot at the start of each frame, the base unit transmit beacon data packet to synchronize the timing and assign time slot to each sensor node. At each time slot, only the assigned sensor node will communicate sensor data to the base unit while other sensor nodes will enter sleep mode to minimize power consumption.
Each sensor node will wake up on its specific time slot, which is triggered by the microcontroller watchdog timer (WDT). After that, the sensor node will send sensor data to the base unit and then continue to capture new data from sensors before it enters sleep mode again. To avoid collision of data packet transmission, a guard interval of 25ms was set between each time slot in this project.
The technique to assign time slot by base unit to every sensor nodes is shown in Figure 9 . The first byte and the odd number of the data represent the sensor node's address while the next byte of the sensor node's address represents its assigned time slot. For example, the sensor node with address 0x0A will transmit in the time slot 0x01.
Since the maximum data length is 16, the maximum sensor nodes that can be supported in one TDMA frame are half of the number of data length, which are 8 sensor nodes. To support BAN applications with more than 8 sensor nodes, multiple of 8 sensor nodes will be assigned with its own TDMA frame. 
Result
The wearable health tracker system has been experimented on a few subjects to validate the TDMA protocol based on intra-body communication for body area network. Figure 10 shows the technique using Velcro tape to attach one of the sensor nodes on subject's hand. Figure 11 below shows the serial data transmission output of TDMA-based intra-body communication from base unit that had been process by Arduino board. The base unit repeatedly sending beacon to coordinate the data transmission while the three sensor nodes are sending data containing payload of pulse rate and skin temperatures from different location of the body. Sensor node with address 0x01 communicated pulse rate reading from the ATmega328PU microcontroller via I2C protocol while the other two sensor nodes with address 0x02 and 0x03 sent reading from LM35 temperature sensor. Note that since the temperature sensor is not connected firmly to human skin, the temperatures data are off by 2-3 degrees. The firmware of the development kit was modified and tested to prove that the AFE can support data rate up to 5kbps as shown in Figure 12 below.
Figure 12:
Logic analyzer showed that AFE successfully decoded OOK signal at 5kbps data rate Network throughput is the average useful bit rate from the sensor nodes to the base unit in one frame. This is an important parameter in MAC design because it helps to choose the suitable sensors that can be supported by the network. Higher network throughput means that the network can support more sensors or sensors with more precise measurements. Theoretically, the AFE chip need 6.5ms of preamble time and 3ms of filter time before start receiving data. At AFE input data rate of 5kbps, the time needed to send one byte of data is approximately 2ms. So, based on the proposed data packet and TDMA MAC design, assume that there is a three sensor nodes BAN application where each sensor node sends 16 bytes of data in each time slot, the maximum network throughput from all the sensor nodes in each TDMA frame is approximate 1500 bits/s. The network throughput can be increased gradually and proportionally up to 8 sensor nodes. For a BAN that have more than 8 sensor nodes, since the base unit need to send beacon slot multiple time, the network throughput increase proportionally and then decreases with the addition of sensor nodes as shown in Figure 13 . The Figure 13 also showed that the maximum network throughput can be achieved is approximately 1585 bit/s.
Conclusion
TDMA medium access control based intra-body communication with single-hop star network topology was successfully implemented by making use of available technology on the market. Inexpensive AFE chip, microcontroller, sensors and other active components can be used to implement as a IBC-bases BAN application to monitor human temperature and pulse rate. The IBC proved the ability to replace traditional radio frequency link for wireless data transmission between sensor nodes and a base unit in a body area network.
Future works include increase the reliability and data rate of IBC, integrate with healthcare specific bio-sensors, and improve the stability and flexibility of the MAC protocol design to support more advanced wearable healthcare applications. 
